Purpose: The study investigated the impact of TP53 mutations on the clinical efficacy of first-generation EGFR-tyrosine kinase inhibitors (TKIs) in Chinese patients with advanced or recurrent non-small-cell lung cancer (NSCLC). Patients and methods: Tissues from 163 NSCLC patients at the Affiliated Hospital of Qingdao University were analyzed by next-generation sequencing (NGS) to determine the mutational status of EGFR and concurrent genetic alterations. TP53 mutations were evaluated in relation to baseline patient characteristics and treatment outcomes (progression-free survival [
Introduction
Tumor suppressor gene TP53 is the most frequently mutated gene (>50%) in human cancers. It is located on the short arm of chromosome 17 (17p13.1) in humans and has been regarded as the "guardian of the genome" because of its role in conserving stability and preventing genome mutations. 1, 2 It consists of 11 exons and encodes tumor protein p53, which is a 393-aa protein with three distinct domains: the transactivation domain, the DNA-binding domain (DBD) and the C-terminal domain. The DBD is encoded by exons 5-8, which comprises residues 102-292 and recognizes a consensus sequence in the promoter region of several genes that are associated with DNA repair, cell cycle arrest, senescence and/or apoptosis. The sequencespecific transcriptional activity mediated by DBD accounts for the principal mechanism of the tumor-suppressing function of protein p53. 3 About 70-80% of TP53 gene mutations are missense mutations confining the DBD region of gene TP53, and over 90% of the TP53 point mutations are in the highly conservative 175, 245, 248, 249, 273, 282 sites. 4, 5 Disruption of p53's normal function possibly leads to malignant cell transformation and cancer formation. 1, 3, 6 Non-small-cell lung cancer (NSCLC) is the most common type of lung cancer (80-85%). NSCLC patients with activating EGFR mutations, mainly exon 19 deletions and exon 21 L8585R point mutation, usually show great responsiveness to first-generation EGFR tyrosine kinase inhibitors (TKIs) and are preferred over platinum-based first-line chemotherapy. [7] [8] [9] However, almost all patients will undergo relapse and disease progression within 12-24 months after treatment initiation. 10, 11 Approximately 50% of secondary resistance to TKIs results from EGFR exon 20 T790M mutation. 12 In addition, 20-30% of NSCLC patients show primary resistance to EGFR-TKIs and demonstrate early disease progression (PD) during treatment, many at the first disease assessment time-point. The underlying mechanisms of this primary resistance are not fully understood. 13 It was hypothesized that MET amplification, BIM polymorphisms, PIK3CA mutations, and alterations of the PIK3CA/ AKT/mTOR pathway are involved in primary resistance and early disease progression in NSCLC patients undergoing TKI treatment. [14] [15] [16] TP53 gene mutations can be found in 35-60% of NSCLC patients, more frequently in squamous cell carcinomas and patients with a smoking history (especially the G>T transversions). 1, 17, 18 Multiple studies have suggested that TP53 mutation is a potential negative prognostic factor for the outcome of NSCLC patients with TKI therapy [19] [20] [21] [22] and may confer resistance to EGFR-TKIs. 16, [23] [24] [25] [26] However, the prognostic and predictive values of EGFR/TP53 concurrent mutations on the efficacy of EGFR-TKIs in Chinese patients with advanced NSCLC remain largely unknown. In this study, we investigate the association between TP53 mutations, especially different mutation subtypes and sites, and outcome of treatment with EGFR-TKIs in Chinese patients with advanced EGFR mutation-positive NSCLC in order to determine whether TP53 mutations indicate poor prognosis and are involved in primary resistance to TKIs. 
Materials and methods

Patient characteristics and data collection
EGFR and TP53 mutation screening by NGS
The samples collected were either biopsies or surgical specimens, either fresh-frozen or paraffin-embedded. Targeted NGS was used for screening of EGFR and TP53 mutation status. The NGS-based assay has been described in detail in our previous publication.
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Response evaluation
Patients treated with EGFR-TKIs were re-examined regularly by means of CT (computed tomography) scanning, lab tests for tumor markers and, if clinically indicated, other examinations. The baseline imaging and at least one sequential evaluation after initiation of TKI treatment were performed for the radiographic response. Clinical response was determined according to RECIST (Response Evaluation Criteria in Solid Tumors) criteria version 1.1.
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TP53 classification
The structures of the TP53 gene have been studied extensively, and a variety of criteria have been used to 
Results
Patient characteristics
Among a total of 163 patients with advanced NSCLC, EGFR mutations were identified in 77 (47.2%) cases. Six patients who did not receive TKI treatment were excluded. A total of 157 baseline concurrent mutations were identified with NGS profiling, among which TP53 mutation showed the highest mutation frequency (60.6%, 43/71). Other concurrent mutations were rare events: concurrent genetic alterations in RB1, NOTCH2 were observed in 7 patients (7/71, 9.9%), concurrent genetic alterations in MYC, MTOR, BRCA2, SMAD4 were observed in 5 patients (5/ 71, 7.0%); concurrent KMT2D, CDK4, CTNBB1, NF1, ARID1A mutations were observed in 4 patients (4/71, 5.6%); the remaining 145 concurrent mutations were identified in no more than 3 patients. Only 54.9% (39/71) of all received first-generation TKIs (gefitinib, erlotinib, icotinib) as first-line therapy, the remaining 32 patients accepted TKIs as either second line therapy or postoperative adjuvant treatment. In this study, only 3 patients had squamous cell carcinomas, all 68 other patients had adenocarcinomas (ADC). EGFR and TP53 genetic alterations identified in 71 NSCLC patients by NGS-based assay are shown in Table S1 in detail. The baseline characteristics of the 71 EGFR-mutant NSCLC patients based on TP53 mutational status are summarized in Table 1 . A significantly higher proportion of patients with shorter median progression-free survival (mPFS <3 m, 32.6% versus 10.7%, P=0.035) and shorter median overall survival (mOS <6 m, 20.9% versus 10.7%, P=0.26) were observed in the EGFR/TP53 concurrent mutation subgroup than in the TP53 wildtype cases. No statistically significant differences in other baseline characteristics were observed among these two groups.
Univariate and multivariate analyses of clinical characteristics in relationship to outcome of EGFR-mutant NSCLC patients
In the univariate analysis, TP53 concurrent mutations were a significant predictor of shorter mPFS (HR 1.86, 95% CI 1.06-3.28, P=0.029) and mOS (HR 2.45, 95% CI 1.10-5.43, P=0.024). In addition, uncommon EGFR mutations as well as non-first line TKI treatments were predictive factors for shorter OS (HR 3.24, 95% CI 1.51-6.94, P=0.001) and PFS (HR 1.85, 95% CI 1.05-3.25, P=0.032) respectively (Table 2) . Then, we performed multivariate analysis with the factors showing a P-value less than 0.05 in univariate analysis. It was confirmed that genetic alterations in TP53 were independently associated with shorter PFS (HR 1.87, 95% CI 1.06-3.29, P=0.03) and OS (HR 2.73, 95% CI 1.20-6.21, P=0.017). Uncommon EGFR mutations (P=0.032 for PFS, P=0.002 for OS) and non-first line treatment (P=0.017 for PFS, P=0.825 for OS) were also independent predictors of poor prognosis and reduced PFS and OS (Table 3) .
TP53 mutational status and response to TKIs
Compared with 28 TP53-wt patients, mPFS and mOS of 43 TP53-mut patients were significantly shorter (mPFS: 6.5 versus 14 months, P=0.025, HR 1.86, 95% CI 1.06-3.28, P=0.029; mOS: 28 versus 52 months, P=0.023, HR 2.45, 95% CI 1.10-5.43, P=0.024) ( Figure 1A and B). Additionally, in patients with a PFS shorter than 3 months, 82.4% (14/17) carried TP53 mutations compared to 53.7% (29/54) in patients whose PFS was longer than 3 months (P=0.002). In patients showing an OS shorter than 6 months, 75% (9/12) carried EGFR mutations compared to 57.6% in patients whose OS was longer than 6 months (P=0.05), indicating a high prevalence of TP53 mutations in patients presenting early resistance to TKIs (Table 1) .
Since both univariate and multivariate analysis demonstrated that uncommon EGFR mutations and non-first line EGFR-TKI treatment were also predictors for worse outcomes, we further stratified patients according to type of EGFR mutations (classic EGFR Del19/L858R mutations or uncommon EGFR mutations) and treatment line (first line or non-first line), and compared the survival times of patients. Markedly shorter PFS (5.0 versus 12.0 months, P=0.067) and OS (14.0 versus 52.5 months, P=0.001) were observed in patients with uncommon EGFR mutations than in patients with EGFR exon 19 deletion or L858R point mutations. In the subgroup of patients with first-line EGFR-TKI therapy, the mPFS was 6.1 months longer than that of patients who received EGFR-TKIs in the non-first line setting (8.4 versus 14.5 months, P=0.055); however, no significant difference was identified in OS between these two groups of patients (39.0 versus 40.0 months, P=0.567) ( Table 4) .
We further investigated the prognostic effect of TP53 mutations on outcome of patients in each subgroup mentioned above. It was shown that concurrent TP53 mutation was associated with shorter mPFS in all four subgroups of patients compared to that of TP53 wild type cases (Table 4 , Figure 1C and D). In terms of OS, it was shown that in the subgroup of patients with uncommon EGFR mutation, the mOS of patients with TP53 concurrent mutations was 29.5 months shorter than that of TP53 wild type cases (10.5 versus 40.0 months, P=0.137). In the subgroup of patients with first-line EGFR-TKI therapy, the mOS of patients with TP53 concurrent mutations was 18.8 months shorter than that of TP53 wild type cases (10.5 versus 40.0 months, P=0.398) ( Table 4) . But data regarding OS of patients with EGFR Del19/L858R mutation and Figure 2C and D, Tables S2  and S3 ). Then, we further investigated the effects of TP53 mutations on different sites on patients' prognosis. Among Tables S4 and S5 ). It is worth noting that TP53 mutations on exons other than exons 5-8, which was in relatively less relation with the principal mechanism of the tumorsuppressing function of protein p53, also significantly reduced patients' survival by 10 months in mPFS and 37.9 months in mOS than the TP53-wt controls (mPFS: 4.0 versus 14.0 months, P=0.007; HR 3.13, 95% CI 1.30-7.52, P=0.008; mOS: 14.6 versus 52. exons or mutation frequency) of TP53 mutations was identified between these two subgroups of patients (Table S6) . In our study, only 54.9% (39/71) of all NSCLC patients received first-generation TKIs as first-line therapy. The overall DCR and ORR of the 71 patients were lower than that of the TP53-wt controls (DCR: 76.7% versus 89.3%, P=0.160; ORR: 25% versus 28%, P=0.374). We compared DCR in different TP53 mutational sites with TP53-wt controls in detail (Table S7) . However, no difference with statistical significance was observed. 
(A) Comparison of PFS between TP53-mut and TP53-wt patients (N=71). (B) Comparison of OS between TP53-mut and TP53-wt subgroups (N=71). (C) Comparison of PFS between TP53-mut and TP53-wt patients in the subgroup of patients with Del19/L8585R EGFR mutations (N=51). (D) Comparison of PFS between TP53-mut and TP53-wt patients in the subgroup of patients with first-line TKIs therapy (N=39
Discussion
In the present study, TP53 mutations were the most common concurrent mutation in Chinese patients with EGFR mutant NSCLC. The frequency of EGFR/TP53 concurrent mutation was 60.6%, which was consistent with previous reports showing percentages of 30-65% in adenocarcinoma. 1, [16] [17] [18] Several reports have suggested that concurrent TP53 alterations are associated with a lower likelihood of response to EGFR-TKIs, and a shorter OS. [19] [20] [21] [22] However, conclusions remain controversial either due to the small size of studies or a lackOS of statistically significant differences in survival between TP53-mutated and TP53-wild type NSCLC patients. In our study, TP53 concurrent mutations were associated with a markedly shorter time to progression and OS on initial EGFR-TKIs, as well as reduced DCR and ORR to TKI therapy. In addition, we found that nondisruptive mutations of the p53 gene are an independent factor of shorter survival in advanced NSCLC with a possible predictive negative value of response to TKIs; the same conclusions could be seen in two previously published studies. 30, 31 However, the molecular pathogenesis is still unclear. It was hypothesized by one study that the GOF (gain of functionality) activities of p53 protein, which most likely resulted from TP53 non-disruptive mutations, could promote an aggressive behavior of the tumor after progression. 27 Moreover, we found that TP53 missense mutations were associated with a poorer response to TKI therapy than non-missense mutations. However, a study by Labbé et al showed thatNSCLCpatients with TP53 missense mutations, instead of non-missense mutations, had significantly shorter PFS with first-line EGFR-TKI therapy, 21 which was contradictive to our finding. In fact, as far as we know, only the study by Labbé et al 21 and ours have investigated the potential value of TP53 missense or non-missense mutations on the prognosis of NSCLC patients with EGFR-TKI treatment up to now. However, in Labbé's study, only 17 patients had TP53 missense mutations. 21 In our study, 27
patients were identified as TP53 missense-mutated. The numbers of patients with a TP53 missense mutation in both studies were relatively small. Therefore, larger cohort analyses are necessary for further investigation on this point. It has been suggested by several studies that in advanced NSCLC, patients with exon 19 deletions showed better prognosis and longer survival than those with exon 21 L858R point mutations when treated with EGFR-TKIs (gefitinib, erlotinib or afatinib). [32] [33] [34] For example, in a study by Kuiper et al, 32 mOS of patients with exon 19 deletions with first-line EGFR-TKI therapy was 7.2 months longer than that of patients with exon 21 L858R point mutations. In our study, longer survival and better responsiveness to EGFR-TKI treatment were observed in both the subgroup of patients with EGFR exon 19 deletions and the subgroup of patients with Del19/TP53 concurrent mutations than those with exon 21 L858R point mutations and L858R/TP53 concurrent mutations, respectively. However, no significant difference of TP53 mutations was identified between these two subgroups of patients, indicating that TP53 concurrent mutations might not be the underlying reason for different responsiveness to EGFR-TKI therapy between patients with EGFR exon 19 deletions and exon 21 L858R point mutations. In terms of the specific impact of TP53 mutations in various sites on patients' response to TKIs, we found that patients with TP53 mutations in exon 6, exon 7 and exons in the non-DBD region showed obviously poor outcomes with TKI therapy. However, a study by Canale et al suggested that TP53 exon 8 mutations were associated with a significantly lower DCR and shorter survivals, but data were only significant for patients with EGFR exon 19 deletion. 19 In our study, 7/43 (16.28%) patients were TP53 exon 8 mutated, although no difference was observed in PFS between patients with TP53 exon 8 mutations and TP53 wild type cases, whereas a slightly shorter mOS was identified in the former subgroup of patients (mPFS: 52.5 versus 59.0 months, P=0.908). However, in our study, only 3 patients were EGFR-Del19/TP53-exon 8 mutated and 3 patients were EGFR-L858R/TP53-exon 8 mutated; these numbers were too small to evaluate the effect of TP53 concurrent mutations in relation to different EGFR mutations. In addition, Jiao et al reported that patients with exon 4, exon 6, mutation of an unknown site of TP53 demonstrated worse prognosis than exon 5, exon 7, exon 8 and exon 9 mutated patients. 22 However, different from our study, Jiao et al generally investigated the prognostic value of TP53 and its correlation with EGFR mutation in patients with advanced NSCLC, while the specific impact of TP53 concurrent mutation on patients' response to EGFR-TKI treatment was not discussed.
Limited by the small number of patients in our study, more dedicated efforts are needed to clarify the biologic effects of mutations in different TP53 exons on disease course and drug responsiveness to TKIs. In particular, patients with TP53 concurrent mutations showed a much higher proportion of short-term responders (PFS <3 months, P=0.035; OS <6 months, P=0.26) than the TP53 wild type controls, indicating that TP53 mutations might be involved in primary resistance to TKIs. Several studies also indicated that TP53 mutations were commonly found in non-responders or short-term responders to TKIs. 16, [24] [25] [26] However, the underlying mechanism of why EGFR/ TP53 concurrent mutations resulted in reduced sensitivities to TKIs in patients with advanced NSCLC it is still unclear. A preclinical study reported that TP53 gene mutations can reduce gefitinib-induced cell apoptosis and that wild type TP53 could enhance gefitinib-induced growth inhibition and apoptosis by regulation of Fas (factorassociated suicide) signal pathway in NSCLC cell line. 35 Another study suggested that TP53 and PTEN knockdown may promote epithelial-to-mesenchymal transition by activating pro-inflammatory interleukin-6/STAT3/nuclear factor-kB signaling pathway in highly metastatic cancer stem cells, which indicated a potential relationship between resistance to TKIs and inflammatory activities. 36 In addition, the histologic transformation of EGFR mutant lung adenocarcinoma into small-cell lung cancer has been described as one of the major resistant mechanisms for TKIs. It was reported that TP53 inactivation and RB1 loss might be early events of small cell transformation which would generate resistance to TKIs. 37, 38 To date, there are no approved agents that specifically target TP53 mutations in NSCLC. It is suggested that AZD1775 (a Wee-1 inhibitor) is potential anticancer therapy against the TP53-mut NSCLC. 39 In recent years, coexisting alterations like amplification of ERBB2 or MET, mutations in TP53, primary EGFR T790M mutations, and BRAF fusions were claimed to portend poorer outcomes in patients with EGFR-mutant NSCLC by an increasing number of studies. Therefore, concurrent mutations should be taken into consideration to guide the selection of combination treatment strategies implemented at treatment onset for targeted therapy of patients. In summary, our study indicated that TP53 mutations might function as an independent predictor of poor outcome in Chinese patients with advanced EGFR mutationpositive NSCLC and treated with EGFR-TKIs, and might also be involved in the primary resistance to EGFR-TKIs, especially those with non-missense mutations and nondisruptive mutations, and mutations on exon 6, exon 7 and non-DBD region. To the best of our knowledge, this is the first study to have analyzed the association between TP53 mutations and response to TKIs in advanced EGFRmutant Chinese NSCLC patients with EGFR mutations. These findings have to be confirmed on larger patient populations in the future.
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